One of the most common pathogens in infection of hydrogel contact lens wearers is Pseudomonas aeruginosa, which can gain access to the eye via contamination of the lens, lens case, and lens care solutions. Only one strain per species is used in current regulatory testing for the marketing of chemical contact lens disinfectants. The aim of this study was to determine whether P. aeruginosa strains vary in their susceptibility to hydrogel contact lens disinfectants. A method for rapidly screening bacterial susceptibility to contact lens disinfectants was developed, based on measurement of the MIC. The susceptibility of 35 P. aeruginosa isolates to two chemical disinfectants was found to vary among strains. MICs ranged from 6.25 to 100% for both disinfectants at 37°C, and a number of strains were not inhibited by a 100% disinfectant concentration in the lens case environment at room temperature (22°C). Resistance to disinfection appeared to be an inherent rather than acquired trait, since some resistant strains had been isolated prior to the introduction of the disinfectants and some susceptible P. aeruginosa strains could not be made more resistant by repeated disinfectant exposure. A number of P. aeruginosa strains which were comparatively more resistant to short-term disinfectant exposure also demonstrated the ability to grow to levels above the initial inoculum in one chemical disinfectant after long-term (24 to 48 h) disinfectant exposure. Resistance was correlated with acute cytotoxic activity toward corneal epithelial cells and with exsA, which encodes a protein that regulates cytotoxicity via a complex type III secretion system. These results suggest that chemical disinfection solutions may select for contamination with cytotoxic strains. Further investigation of the mechanisms and factors responsible for resistance may also lead to strategies for reducing adverse responses to contact lens wear.
A number of infectious and inflammatory complications of microbial origin have been linked to the wear of contact lenses. Ulcerative keratitis is the most serious complication of contact lens wear, sometimes causing scarring of the cornea and resulting in permanent vision loss (35) .
One of the most common pathogens in corneal infection of hydrogel contact lens wearers is Pseudomonas aeruginosa (1, 4) . Two different genotypes of P. aeruginosa have been identified from corneal infections (16) ; invasive and acutely cytotoxic strains differ in certain genes that are regulated by ExsA (a transcriptional activator of genes encoding several secreted proteins) (15) . Acutely cytotoxic P. aeruginosa strains have been shown to possess the ExsA-regulated genes exoU and exoT but to lack exoS (15) . Acute cytotoxicity is not affected by mutation of exoT; however, exoU is required for cytotoxicity (10) . Invasive P. aeruginosa strains have been shown to possess exoS and exoT but to lack exoU, which probably explains their lack of acute cytotoxic activity (10) .
Acutely cytotoxic P. aeruginosa strains can kill corneal epithelial cells within 3 h of exposure; invasive strains enter epithelial cells and lack acute cytotoxic activity. Although the cytotoxic genotype is thought to be unusual among P. aeruginosa strains, the majority of strains isolated from corneal infections are of this type (16) .
While the pathogenesis of contact lens-related infectious and inflammatory complications remains unclear, bacterial contamination of the eye appears to play a significant role (8, 22) . During contact lens wear, bacteria can gain access to the eye from the environment via contamination of the lens, lens case, and lens care solutions (9, 32, 41) . A high incidence of microbial contamination is observed in both contact lens cases and lens care solutions used during normal contact lens wear (12, 25, 47, 49) , even in the presence of good compliance with lens care and maintenance procedures (5, 25, 42) .
The development of bacterial resistance to antibiotics is well recognized in medical microbiology (6, 20, 27, 28, 34) . Other types of disinfectants, such as the compound triclosan (commonly used in soaps, toothpaste, plastics, etc.), also have the potential to promote resistance by selecting for mutants that are equipped to survive in those environments (29) . It is estimated that there are 80 million contact lens wearers worldwide, with 33 million in the United States alone (2) .
Hydrogel lenses constitute nearly 90% of lens sales in the United States, and chemically preserved hydrogel disinfecting solutions are currently the most common solutions used for contact lens care (33) . In most cases, these solutions are used daily. Since the introduction of these high-molecular-weight chemical disinfectants in the late 1980s, there has been little change in disinfectant formulations. Repeated usage of these disinfectants may increase the probability of bacterial resistance to the preservatives used. Strains of Serratia marcescens have been shown to become adapted to certain chlorhexidineand benzalkonium chloride-based disinfecting solutions rec-ommended for the care of rigid gas-permeable contact lenses (19, 48) . Studies investigating resistance to hydrogel disinfecting solutions have not yet been performed.
In this study, the susceptibilities of multiple strains of P. aeruginosa to two commonly used hydrogel disinfectants were investigated. The hypothesis tested was that long-term worldwide usage of these systems has caused the selection of resistant P. aeruginosa strains. An investigation of whether susceptible strains could become resistant to chemical contact lens disinfectants following repeated disinfectant exposure was conducted, and the relationship between cytotoxic activity and resistance of P. aeruginosa strains to contact lens disinfection was assessed.
MATERIALS AND METHODS
Bacteria. Thirty-five P. aeruginosa strains were collected from various sources in the United States, Australia, and the United Kingdom. These included 15 strains (recent clinical isolates) which were cultured from January 1994 onward and 12 strains (older clinical isolates) which were isolated prior to 1988 (prior to the introduction of the new generation of chemical contact lens disinfectants). The strains included isolates from eyes, contact lenses, lens cases, and lens care solutions and are listed in Table 1 . Details of the laboratory strains used in the experiments are also included in this table. In addition, the wild-type strain PA103 (functional exsA allele; cytotoxic), an exsA mutant (PA103 exsA::⍀; invasive), an exoT mutant (PA103 exoT::Tc; cytotoxic), and an exoU mutant (PA103 exoU::Tn5Tc; neither cytotoxic nor invasive) were used to assess the role of exsA in resistance of P. aeruginosa to disinfection.
All cultures received were checked for purity, with impure cultures excluded from experimentation. Species identification was confirmed through growth on centrimide agar (Difco Laboratories, Detroit, Mich.). Bacteria were stored in tryptic soy broth (Difco Laboratories) at Ϫ80°C with 10% glycerol to prevent frost injury. Working stocks were kept in tryptic soy broth and 10% glycerol at Ϫ20°C and renewed every 2 months. For use in the experiments, bacteria were grown overnight on tryptic soy agar at 37°C and resuspended in 0.9% sodium chloride (Sigma, St. Louis, Mo.). Resuspension to an optical density of 1.0 at 650 nm resulted in approximately 10 9 CFU/ml, which was confirmed by viable counts in each experiment.
Cell cultures. Rabbit corneal epithelial cells were maintained in supplemented hormonal epithelial medium and passaged as previously described (16) . For use in the experiments, freshly passaged cells were seeded into wells (125 l per well) of 96-well tissue culture plates (Becton Dickinson Labware, Franklin Lakes, N.J.) and incubated at 37°C with 5% CO 2 for a minimum of 3 days until confluent. Quantification of acute cytotoxic activity. Acute cytotoxicity assays were performed as previously described (14) . Briefly, corneal epithelial cells were washed once with 100 l of buffered minimal essential medium (MEM), and then cells were inoculated with 10 6 CFU of each test strain/ml. Control samples were inoculated with MEM without bacteria. Following 3 h of incubation at 37°C, the medium was removed and the cells were washed once with MEM to remove most nonassociated bacteria. To halt cytotoxicity at the 3-h time point, cells were incubated with 200 g of gentamicin (BioWhittaker, Walkersville, Md.)/ml at 37°C for 1 h. All strains were found to be susceptible to this concentration of gentamicin (data not shown). After washing once with 200 l of MEM to remove the antibiotic, 100 l of 0.4% trypan blue (Sigma, St. Louis, Mo.) was added to stain dead or dying epithelial cells. After incubation at 37°C for 15 min, the extent of cytotoxicity per well was scored on a scale of 0 to 10, using an Olympus IX 70 microscope (ϫ10 eyepiece; ϫ10 objective). Negative control samples incubated with MEM alone (i.e., no bacteria) were given a score of 0, and positive control samples infected with the known highly cytotoxic strain P. aeruginosa 6206 were assigned a score of 10. The invasive, noncytotoxic strain P. aeruginosa 6294 was also included as a negative control for cytotoxicity. Three wells were used for each strain during each experiment, and experiments were repeated at least once. The median cytotoxicity score was determined for each strain. Masking was achieved by coding each test strain.
Quantification of invasive capacity. Using the same infected cells, the capacity for invasion was also determined. Following assessment of cytotoxicity, cells were washed with 100 l of Ham's F-12 medium and lysed with 0.25% Triton X-100 (Lab Chem Inc., Pittsburgh, Pa.) (37°C for 15 min). Viable counts of the lysate were performed to quantify the number of intracellular bacteria (extracellular bacteria had been eliminated by the earlier gentamicin treatment). The median level of invasion was determined for each strain.
Characterization of the production of ExsA-regulated proteins. ExsA-regulated protein production was qualitatively assessed by Western blot analysis of culture supernatants from each P. aeruginosa strain grown under inducing conditions described previously (17) . Supernatants were harvested after 12 h of growth, at 32°C in a shaking water bath, and concentrated 20-fold by the addition of saturated ammonium sulfate (Fisher Scientific, Raleigh, N.C.) to a final concentration of 55%. Three microliters of the concentrated supernatant was loaded per lane of a 10% polyacrylamide-sodium dodecyl sulfate gel (Bio-Rad Laboratories, Hercules, Calif.). Gels were subjected to Western blot analysis using a mixture of rabbit antisera that recognized both the ExoS and ExoT (R726 immunoglobulin G), and ExoU (R16616 immunoglobulin G) proteins (provided by Dara W. Frank). Horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (HϩL) (Bio-Rad Laboratories) and a horseradish peroxidase conjugate substrate kit (Bio-Rad Laboratories) were used to detect antibodies bound to each of the three exoproteins.
Comparison of susceptibility to disinfection. Susceptibilities of the various strains were compared for two chemical disinfectants: solution A (boric acid, edetate disodium, poloxamine, sodium borate, sodium chloride, polyaminopropyl biguanide [0.00005%]) and solution B (sodium citrate, sodium chloride, disodium edetate [0.5%], and polyquaternium-1 [0.001%]).
Variation in susceptibility was assessed via measurement of the MICs for both chemical disinfectants, using 96-well, flat-bottom plates (Corning Costar Co., Cambridge, Mass.). The full-concentration disinfectants were diluted to give the following concentrations: 0, 6.25, 12.5, 25, 50, and 100%. Disinfectants were diluted with 0.9% sodium chloride. Minimal medium for growth (per liter: 7.5 mmol of NaH 2 PO 4 , 16.8 mmol of K 2 HPO 4 , 10 mmol of MgSO 4 , 0.2% NaNO 3 , 10 mmol of CH 3 COONa) (13) was added to the disinfectants to supply the bacteria with essential nutrients for growth (nutrients are plentiful in lens cases during normal use and are readily available to bacteria). Addition of minimal medium ingredients did not result in disinfectant dilution.
Each dilution was inoculated with 10 7 CFU of bacteria/ml, which is within the range of bacterial levels isolated from hydrogel contact lens storage cases (26, 43) . Plates were incubated for 18 h at 37°C on an orbital mixer (RotoMix; Barnstead/Thermolyne, Dubuque, Iowa). Wells containing 0.9% saline and minimal medium served as controls. MIC measurements were made using an enzyme-linked immunosorbent assay reader (Titertek Instruments Inc., Huntsville, Ala.), and each plate was read twice at 620 nm. The variability in absorbance readings for wells containing 0.9% saline and minimal medium was determined using 24 samples. Growth in test wells was considered positive if the absorbance measures differed from the saline control measures by more than the previously determined amount of variability. Three wells were used for each strain, and experiments were repeated at least once. The median MIC was then determined for each strain. In addition, to determine the ability of each strain to grow in a full concentration of disinfectant over time, separate plates containing samples of 100% disinfecting solution were inoculated with bacteria and read at 24 and 48 h after incubation.
Growth in disinfectants in contact lens cases at room temperature (22°C). Contact lens wearers usually perform contact lens disinfection in lens cases at room temperature (22°C). To determine whether measurement of the MIC at 37°C was a valid predictor of susceptibility differences that might occur during actual use, 11 of the P. aeruginosa strains were used to challenge the disinfectants in their respective lens cases. Lens case wells containing 2.5 ml of disinfectant were inoculated with 10 7 CFU of bacteria/ml and nutrients as described above. Cases were stored at 22°C, and viable counts were performed by sampling the solutions at 4, 18, 24, 48, and 168 (7 days) h postinoculation. Four wells were used for each strain, and four wells containing saline (i.e., no disinfectant) served as controls.
Repeated disinfectant exposure. The ability of P. aeruginosa to develop resistance to hydrogel chemical contact lens disinfectants through repeated disinfectant exposure was investigated. For this purpose, two of the most susceptible strains were used (see Table 3 ) (recent clinical isolate K555 and laboratory strain ATCC 9027). After determination of the MIC, 10-l aliquots of survivors from wells containing the highest concentration of disinfectant where visible growth had been detected (12.5%) were used to inoculate new test plates containing the full range of solution B concentrations. At 24 to 48 h after incubation at 37°C on an orbital mixer, the procedure was repeated. After five serial repetitions, 1-l aliquots from wells containing 12.5% disinfectant were used to inoculate plates containing the full range of solution B concentrations, and the MIC at 18 h was determined. Plates inoculated with fresh bacteria (that had not been preexposed to solution B) served as controls for each strain.
Statistical analyses. Statistical comparisons between the MICs of the recent clinical isolates and older clinical and laboratory isolates were made using the 2 test of association. Excellent repeatability of the MIC measures was observed, with 100% of MIC values varying by no more than one dilution step for each strain. MIC results were compared with median viable counts from the lens cases at the various time points via determination of the Spearman's rank correlation coefficient. The Mann-Whitney U test was used to determine whether there was a significant difference in resistance between cytotoxic and invasive strains, using the MIC data. A P value of less than 0.05 was considered to be significant for these tests.
For statistical comparisons using the lens case viable count data, a log transformation was applied to the CFU measures to produce data appropriate for parametric analysis. Repeated measures analysis of variance was performed, using SuperANOVA (Abacus Concepts Inc., Berkeley, Calif.), to assess the interaction between the bacterial strain and the disinfectant exposure time (0 to 168 h). Post-hoc testing, via one-way analysis of variance and Fisher's pairwise comparison, was performed to assess the differences between strains at each time point. The P value for statistical significance was adjusted to account for the multiple comparisons by dividing 0.05 by the total number of comparisons made.
RESULTS
Determination of phenotype. Two methods were used to classify the P. aeruginosa strains under study, where the phenotype had not been established previously. Acute cytotoxic activity and the ability to invade corneal epithelial cells were determined through in vitro assays of cytotoxicity and invasion using rabbit corneal epithelial cells. ExsA-regulated protein profiles of the strains were characterized via Western blotting.
Median acute cytotoxicity scores ranged from 0 to 8 for the test strains, and median invasion (the number of intracellular bacteria) ranged from 0 to 1.55 ϫ 10 4 CFU. Acute cytotoxicity and invasion results were inversely correlated (Spearman rank correlation test; R ϭ Ϫ2.54; P ϭ 0.01), as has been previously reported for other strains (16) . The Western blot results are presented in Fig. 1 .
For the purposes of this study, cytotoxic strains were defined as having a median acute cytotoxicity score of 7 or higher and/or a clear signal for ExoU with no signal for ExoS. Invasive strains were defined as having a median cytotoxicity score of 3 or less and/or a clear signal for ExoS with no signal for ExoU. Strains which did not fit into either category were considered to have characteristics of both phenotypes. A summary of the median acute cytotoxicity scores and invasion levels, Western blotting results, and subsequent phenotypic classification of each strain under study is provided in Table 2 .
Signals for the presence of ExoS, ExoT, or ExoU were not noted for strain K331, despite repeated attempts and variations in exposure times. Due to its median acute cytotoxicity score of 4 and very low levels of invasion, K331 was therefore classified as having properties of both phenotypes. A very faint signal for ExoU was detected for the D1, D2, and D4 strains, despite their being positive for ExoS and ExoT. These strains were classified as invasive due to the results of the in vitro tissue culture assays but may potentially show properties of both phenotypes. ATCC 9027, the Food and Drug Administration (FDA) and International Organization for Standardization (ISO) challenge microorganism (23, 46), was classified as invasive based on the cytotoxicity-invasion assay results; however, it was negative for both ExoS and ExoT and produced a faint signal for ExoU.
Using the phenotype classification system described above, three of the P. aeruginosa strains were classified as acutely cytotoxic, 16 as invasive, and one as having properties of both phenotypes.
Variation in susceptibility to disinfection at 37°C. At 18 h, large differences were found among the P. aeruginosa strains, with MICs ranging from 6.25 to 100% for both solutions (Table  3) . Resistance was not related to the date of isolation for either solution A ( 2 ϭ 0.01; df ϭ 1; P Ͼ 0.1) or solution B ( 2 ϭ 0.61; df ϭ 1; P Ͼ 0.1).
By 24 h, all strains were susceptible to full-concentration solution A, and 2 of 35 strains showed growth in a 100% concentration of solution B. By 48 h, 1 of the 35 strains had begun to grow in 100% solution A; no additional strains showed growth in 100% solution B.
Growth in disinfectants in contact lens cases at room temperature (22°C). The P. aeruginosa strains also varied in their susceptibilities to both disinfection solutions when tested at 22°C. For both solutions A (Fig. 2a) and B (Fig. 2b) , variation on the order of 4 log units was observed at all time points for all of the strains. For solution B (Fig. 2b) , four out of six of the cytotoxic strains grew to levels equivalent to or significantly higher than the initial inoculum after 24 to 48 h of exposure to the disinfectant (P Ͻ 0.001). None of the strains grew to levels at or above the initial inoculum with solution A.
The results obtained using the lens cases incubated at 22°C were compared and contrasted to the MIC test results using 96-well plates at 37°C. When compared to the MIC screening test results for both solutions, the susceptibility differences observed in the lens cases were significantly correlated (P Ͻ 0.05) for solution A at all time points except at 168 h (7 days) and only at 168 h for solution B (P Ͻ 0.01).
The relationship between acute cytotoxic activity and resistance to disinfection. Analysis of the MIC data (measured at 18 h, after incubation at 37°C) showed a statistically significant relationship between acute cytotoxic activity and resistance for solution B, with cytotoxic strains tending to be more resistant than invasive strains (Mann-Whitney U test; P Ͻ 0.01). A similar relationship was not evident for susceptibility to solution A (Mann-Whitney U test; P Ͼ 0.1).
For the data collected at 22°C (Fig. 2) , there was a significant interaction between cytotoxic activity and disinfectant exposure time for both solution A (F 5,210 ϭ 9.27; P Ͻ 0.001) and solution B (F 5,210 ϭ 28.45; P Ͻ 0.001). Cytotoxic strains were significantly more resistant to full concentrations of both disinfectants than invasive strains at 48 (P Ͻ 0.008) and 168 h (P Ͻ 0.008).
Repeated disinfectant exposure. Repeated disinfectant exposure did not reduce susceptibility to killing. For both of the susceptible strains tested (K555 and ATCC 9027), the MIC was 25% before exposure to solution B and remained at 25% after five passages through solution B.
The role of exsA in resistance of P. aeruginosa to contact lens disinfection. Since acutely cytotoxic strains tended to be more resistant to disinfection than invasive strains, the role of ExsA in resistance was explored. Susceptibilities of the acutely cytotoxic strain PA103 and three isogenic mutants of PA103 were assessed. These were an exsA mutant (noncytotoxic) and mutants in two genes downstream of exsA: exoT (cytotoxic) and exoU (noncytotoxic).
A pilot study was conducted in which PA103 and the three mutants were used to challenge full concentrations of solutions A and B in their respective lens cases at 22°C. Cases containing saline (i.e., no disinfectant) served as controls. Results of this pilot study showed less resistance to both solutions A and B by the exsA mutant and the exoU mutant compared to results for the wild-type strain and exoT mutant. These results suggested that exoU was involved in resistance.
Subsequent experiments focused on directly comparing wild-type PA103 with the exoU mutant in the contact lens case at 22°C (Fig. 3a and b) . Repeated measures analysis of variance revealed a significant interaction between the bacterial strain and the disinfectant exposure time for both solution A (F 5,30 ϭ 38.82; P Ͻ 0.001) and solution B (F 5,30 ϭ 371.52; P Ͻ 0.001). Statistically significant differences between PA103 and the exoU mutant were observed at all time points from 4 h for solution A (P Ͻ 0.008) (Fig. 2a) and all time points from 18 h for solution B (P Ͻ 0.008) (Fig. 2b) . Growth of the exoU mutant was eventually observed after long-term exposure to solution B (Ͼ48 h), but the numbers of bacteria in the solution remained significantly lower than with PA103 even at 168 h (P Ͻ 0.008).
Adaptation of acutely cytotoxic P. aeruginosa to solution B in the lens case environment at 22°C. Growth of some of the initially more resistant cytotoxic strains after long-term (24 to 48 h) exposure to solution B (Fig. 2) may be due to further adaptation to the disinfectant and/or the low nutrient environment of the contact lens case or to decreased efficacy of the disinfectant over time. To explore why this growth occurred, the susceptibility of preexposed (exposed to solution B for 1 week in the lens case at 22°C) bacteria was compared to the susceptibility of bacteria without previous exposure to solution B in contact lens cases containing fresh solution B. To assess the potential effect of decreased disinfection solution efficacy, susceptibilities of preexposed and unexposed bacteria were also assessed using solution B which had been inoculated with bacteria for 1 week and then filter sterilized (Millex-GP; pore size, 0.22 m; Millipore, Bedford, Mass.).
A summary of the observations over the 7-day (168 h) test period, from one representative experiment, is presented in Fig. 4 . When the growth rates of preexposed and unexposed PA103 in fresh solution B were compared, the preexposed bacteria showed statistically significantly higher levels of growth at all time points from 4 h. The magnitude of the effect was greatest at 18, 24, and 48 h (approximately 1, 2, and 3 log units of difference, respectively). By 168 h, the unexposed PA103 bacteria had grown to levels above the initial inoculum (as demonstrated previously); however, they were still recovered at levels significantly lower than for the preexposed bacteria (P Ͻ 0.001). Unexposed PA103 grew better in fresh solution than in preexposed solution (P Ͻ 0.001) at 168 h. These results suggest that the growth of PA103 in solution B after long-term exposure is not due to decreased efficacy of the solution over time. Otherwise, enhanced (rather than reduced) growth of unexposed PA103 in preexposed solution would have been observed.
DISCUSSION
The MIC test showed differences in susceptibility to two hydrogel contact lens disinfectants among 35 P. aeruginosa strains, including clinical isolates and laboratory strains. One of the hypotheses tested was that recent clinical isolates would be more resistant than older clinical and laboratory strains; however, resistance was not related to the date of isolation of the strains. Repeated disinfectant exposure did not result in increased resistance of two of the most susceptible strains, suggesting that P. aeruginosa strains do not acquire resistance after repeated disinfectant exposure, at least in these experimental circumstances. While this does not rule out the possibility that other relatively susceptible P. aeruginosa strains may become more resistant with repeated disinfectant exposure, these results suggest that resistance appears to be an inherent rather than an acquired trait.
The FDA Premarket Notification [510(k)] Guidance Document for Contact Lens Care Products sets out the safety and efficacy requirements for marketing approval of contact lens care products (46) . It is clear that the FDA testing procedures do not ensure disinfection efficacy during normal use, as demonstrated by the numerous reports of microbial contamination in patients' cases and solutions (12, 25, 47, 49) , even in the presence of good compliance with lens care and maintenance procedures (5, 25, 42) . A number of potential inadequacies in the testing procedures can be identified. For example, FDA disinfectant testing is performed without nutrients being made available to the microorganisms, which does not reflect the situation during normal patient use. Also, a limited panel of microorganisms is used to challenge the disinfectants. The assumption that the behavior of one strain will be representative of that of the rest of the species is questionable. In addition, the challenge microorganisms are all ATCC laboratory strains, which have been grown under ideal conditions. The disinfection susceptibility of clinical isolates, which typically grow in low-nutrient environments, is likely to be quite different from that of laboratory strains (3).
The most common approach to testing bacterial susceptibility to contact lens disinfectants is by performing viable counts from inoculated solutions. This method has been approved by the FDA (46) and is recommended by ISO (23). Many studies in the literature have evaluated efficacy in this manner (30, 37, 38) . In this study, the development of a quantitative screening method to assess bacterial susceptibility to disinfection enabled comparisons between different strains of the same species to be made in a less time-consuming manner. By adaptation of the MIC procedure, a standardized approach to assessing bacterial resistance was achieved, and use of an enzyme-linked immunosorbent assay reader for assessment of visible growth in solution eliminated subjectivity in the interpretation of the results.
The addition of nutrients and organic soil to disinfectants 
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P. AERUGINOSA RESISTANCE TO CONTACT LENS DISINFECTIONduring testing remains a controversial area. The presence of organic material has been reported to affect microbial activity of some disinfection products (7, 39) . To reflect patient use situations, organic soil, consisting of heat-killed yeast cells and heat-inactivated bovine serum, is added to lenses during FDA regimen testing (46) . Addition of such soil is not required by ISO on the basis that a standardized model which accurately reflects the patient situation is not available (23). Since nutrients are plentiful in lens cases during normal use, minimal medium (containing only the five essential elements for growth) was added to the disinfectants in the present study. Organic material was not added to the disinfectants. Conflicting reports regarding the susceptibilities of two clinical P. aeruginosa isolates to hydrogel disinfection have recently appeared in the professional literature (31, 45) . A difference in susceptibility between the strains for one disinfectant was reported using methods similar to those required by the FDA (45) . No difference was reported in another study which adhered to the FDA protocol (31) . Another recently published study, which used a selection of P. aeruginosa isolates but also adhered to the FDA protocol, showed minimal variation between strains (36) . Clearly, testing methodology will influence the results of these types of studies. In all of the reports, nutrients were not made available to the bacteria during testing.
Resistance was linked to acute cytotoxicity for both disinfectants when experiments were performed at room temperature (22°C) in the contact lens case (Fig. 1) . As might be expected from this result, resistance of PA103 to chemical disinfection was found to involve ExsA. At 22°C, exoU, which is regulated by ExsA, was shown to be involved, suggesting that at least part of the role of ExsA in resistance is indirect. Secretion of ExsAregulated proteins by P. aeruginosa has been shown to occur via a type III secretion system (18, 50) . Type III secretion systems are complex secretion pathways utilized by many gram-negative bacteria for the transfer of toxic proteins to host cells from the bacterial cytoplasm (24, 40) . There are no obvious structural features of exoU that indicate it might affect the ability of P. aeruginosa strains to grow in chemical contact lens disinfectants, and little is known about the biochemistry of the molecule (11, 21) . Clearly, further research will be required to determine the exact mechanisms for ExsA-regulated resistance to disinfectants.
When experiments were performed at 37°C, a significant association between acute cytotoxic activity and resistance to disinfection was shown for solution B but not for solution A. The variation in results at different temperatures might relate to ExsA-regulated protein secretion. In the laboratory, modification of growth media and environmental conditions can influence toxin expression and secretion through the ExsAregulated system (17, 44) . One such example is growth temperature, which has been shown to affect the secretion of ExsA-regulated proteins and influence cytotoxic activity (A. Zarimani, A. Hauser, J. Comolli, and J. Engel, Abstr. 98th Gen. Meet. Am. Soc. Microbiol. 1998, abstr. B-148, 1998). Whether or not the discrepancy in findings reflects a real difference in susceptibility at the different temperatures, the results from the experiments involving growth in lens cases at room temperature are the most relevant to the normal contact lens wear situation. The finding that resistance to both contact lens disinfectants was correlated with acute cytotoxicity in P. aeruginosa at room temperature is of great concern because cytotoxic P. aeruginosa strains do not require corneal compromise to cause damage (14) .
While resistance to disinfection appeared to be an inherent factor of some P. aeruginosa strains, four out of six cytotoxic strains, which were more resistant to disinfection initially, grew to levels equivalent to or significantly higher than the initial inoculum after long-term exposure to solution B (Fig. 2) . This result showed that some strains were not only resistant to killing after short-term disinfectant exposure but also were able to adapt to the disinfection solution and subsequently increase in number. Inhibition of the growth of unexposed PA103 in preexposed solution compared to results with fresh solution (Fig. 4) suggested that the growth of certain cytotoxic strains in solution B after long-term exposure in the contact lens case was not due to decreased efficacy of the solution over time. Instead, growth of the bacteria in the disinfectant appeared to represent an adaptation to the disinfectant and/or to the low-nutrient environment of the contact lens case. It appears that this adaptation was not related to the production of ExoU, since adaptation was also observed with an exoU mutant (Fig. 3b) . The mechanism by which this adaptation occurs requires further investigation.
Although acute cytotoxic activity was implicated in resistance to chemical disinfection, other factors are also likely to be involved. Not all acutely cytotoxic strains were resistant. In addition, a small percentage of the invasive strains also showed resistance to disinfection; invasive strains produce ExsA but not ExoU. Whether ExsA plays a role in resistance of invasive strains is yet to be determined.
In conclusion, resistance to hydrogel chemical contact lens disinfection varies between P. aeruginosa isolates. Nutrient levels and differences among strains should be considered during the manufacture and testing of hydrogel chemical contact lens disinfectants, since bacterial resistance and adaptation to disinfection are likely to be contributing factors to contamination of lens care systems. Resistance is linked to acute cytotoxic activity; the ExsA-regulated pathway appears to be involved, and a type III secretion system may play a role. These results suggest that current contact lens disinfection systems may select for contamination with cytotoxic strains, which could explain the high prevalence of cytotoxic isolates in contact lens-related corneal infections. Further understanding of the mechanisms of resistance and the bacterial factors responsible for resistance may lead to rational strategies for reducing adverse responses to contact lens wear. 
